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(57) ABSTRACT

Provided 1s a mitride semiconductor device including: a
nitride semiconductor layer over a substrate wherein the
nitride semiconductor has a two-dimensional electron gas
(2DEG) channel inside; a drain electrode 1n ohmic contact
with the nitride semiconductor layer; a source electrode in
Schottky contact with the nitride semiconductor layer
wherein the source electrode 1s spaced apart from the drain
clectrode; a dielectric layer formed on the nitride semicon-
ductor layer between the drain electrode and the source elec-
trode and on at least a portion of the source electrode; and a

gate electrode disposed on the dielectric layer to be spaced
apart from the drain electrode, wherein a portion of the gate
clectrode 1s formed over a drain-side edge portion of the
source electrode with the dielectric layer interposed therebe-
tween, and a manufacturing method thereof.

13 Claims, 6 Drawing Sheets
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1
SEMICONDUTOR DEVICE

CROSS-REFERENCE TO RELAT.
APPLICATIONS

T
.

This application claims the benefit under 35 U.S.C. Section
119 of Korean Patent Application Serial No. 10-2011-
0038611, filed Apr. 25,2011, which 1s hereby incorporated by

reference 1n 1ts entirety 1nto this application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to a nitride semiconductor
device and a manufacturing method thereof, and more par-
ticularly, to a nitride semiconductor device capable of nor-

mally-oif operation, and a manufacturing method thereof.

2. Description of the Related Art

There has been growing interest in reduction of power
consumption due to green energy policy. To achieve this,
improvement in power conversion etficiency 1s necessary. In
the power conversion, eificiency of a power switching device
has influence on the entire power conversion efficiency.

Atpresent, most of power devices generally used are power
MOSFETSs or IGBTs using silicon. However, an increase 1n
eificiency of the devices 1s limited due to material limitations
of silicon. To overcome this, there have been patent applica-
tions which are to increase the conversion efficiency by
manufacturing a transistor using a nitride semiconductor such
as galltum nitride (GaN).

However, for example, a high electron mobility transistor
(HEMT) structure using GalN becomes ON state in which
current flows due to low resistance between a drain electrode
and a source electrode when a gate voltage 1s OV (normal
state). Accordingly, this causes consumption of current and
power, and there 1s a disadvantage that a negative voltage (for
example, —5V) should be applied to a gate electrode so that
the HEMT structure becomes OFF state (normally-on struc-
ture).

To overcome this disadvantage of the normally-on struc-
ture, patent applications as shown 1 FIGS. 8 and 9 were
disclosed. FIGS. 8 and 9 show conventional HEMT struc-
tures.

FI1G. 8 shows a drawing disclosed in publicized U.S. patent
No. 2007-0295993. As shown 1n FIG. 8, 1n an AlGaN layer,
concentration of a channel formed during growth of the
AlGaN layer 133 1s adjusted by implanting 10ns into a region
under a gate G and a region adjacent to a gate electrode G
between the gate G and a drain D. In FIG. 8, normally-off
operation 1s implemented by controlling carrier concentration
of a channel region 131 under the gate G by using 10n 1implan-
tation.

FI1G. 9 1s a drawing disclosed 1n U.S. Pat. No. 7,038,253, A
2DET channel 135 is prevented from being formed under a
gate electrode G by applying an insulation layer 140 on a
channel layer 131 formed between first and second electron
donor layers 133a and 1335 and forming the gate electrode G
on the mnsulation layer 140. In FIG. 9, normally-oif operation
1s implemented by etching under a gate G through a recess
process.

SUMMARY OF THE INVENTION

There 1s a need for implementing a semiconductor device
which operates normally-oil and overcomes the problems of
the normally-on structure as described above.
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The present invention has been invented 1n order to over-
come the above-described problems and 1t 1s, therefore, an
object of the present mnvention to provide a semiconductor
device capable of normally-oif (N-oif) or enhancement-mode
operation by forming a Schottky electrode 1n a source region
ol a semiconductor device, for example, an FET and forming
a gate electrode 1n a portion of a source electrode region and
in a portion of a nitride semiconductor region, and a manu-
facturing method thereof.

In accordance with one aspect of the present invention to
achieve the object, there 1s provided a nitride semiconductor
device including: a nitride semiconductor layer over a sub-
strate wherein the mitride semiconductor has semiconductor
layer over a substrate wherein the mitride semiconductor has
a two-dimensional electron gas (2DEG) channel 1nside; a
drain electrode 1n chmic contact with the nitride semiconduc-
tor layer; a source electrode in Schottky contact with the
nitride semiconductor layer wherein the source electrode 1s
spaced apart from the drain electrode; a dielectric layer
formed on the nitride semiconductor layer between the drain
clectrode and the source electrode and on at least a portion of
the source electrode; and a gate electrode disposed on the
dielectric layer to be spaced apart from the drain electrode,
wherein a portion of the gate electrode 1s formed over a
drain-side edge portion of the source electrode with the
dielectric layer interposed therebetween.

In accordance with another aspect of the present invention,
the nitride semiconductor layer includes a first nitride layer
over the substrate wherein the first nitride layer contains a
gallium nitride (GaN)-based material; and a second nitride
layer 1n heterojunction with and on the first mitride layer
wherein the second nitride layer contains a heterogeneous
(GaN-based material with a wider energy band gap than the
first mitride layer.

Preferably, the first nitride layer contains GaN, and the
second nitride layer contains one of aluminum gallium nitride
(AlGaN), indium gallium nitride (InGaN), and indium alu-
minum gallium nitride (InAlGaNN).

In accordance with another aspect of the present invention,
the region of the dielectric layer disposed between the drain
clectrode and the source electrode includes a vertical or
oblique step portion, wherein a portion in the direction of the
drain electrode 1s formed higher than a portion in the direction
of the source electrode.

In accordance with another aspect of the present invention,
the gate electrode includes an extended field plate, wherein
the field plate 1s spaced apart from the drain electrode and
partially covers the portion of the dielectric layer in the direc-
tion of the drain electrode, which 1s formed higher.

In accordance with another aspect of the present invention,
the mitride semiconductor device further includes a bufler
layer between the substrate and the mitride semiconductor
layer.

In accordance with another aspect of the present invention
to achieve the object, there 1s provided a nitride semiconduc-
tor device including: a nitride semiconductor layer over a
substrate wherein the nitride semiconductor has a 2DEG
channel inside; a drain electrode 1n ohmic contact with the
nitride semiconductor layer; a source electrode in Schottky
contact with the nitride semiconductor layer while being
spaced apart from the drain electrode; a dielectric layer
formed on the nitride semiconductor layer between the drain
clectrode and the source electrode and on at least a portion of
the source electrode; and a gate electrode having a first region
tformed over a drain-side edge portion of the source electrode
with the dielectric layer interposed therebetween and a sec-
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ond region disposed on the dielectric layer between the drain
clectrode and the source electrode to be spaced apart from the
drain electrode.

In accordance with another aspect of the present invention,
the nitride semiconductor layer includes a first nitride layer
over the substrate wherein the first nitride layer contains a
(GaN-based material; and a second nitride layer in heterojunc-
tion with and on the first nitride layer wherein the second
nitride layer contains a heterogeneous GaN-based material
with a wider energy band gap than the first mitride layer.

In accordance with another aspect of the present invention,
the first region and the second region of the gate electrode are
separately formed, and the second region forms a floating
gate.

In accordance with another aspect of the present invention,
the mitride semiconductor device further includes a builer
layer between the substrate and the mitride semiconductor
layer.

In the above-described aspects of the present invention,
according to another feature, the substrate 1s a substrate using

at least one of silicon (S1), silicon carbide (51C), and sapphire
(AL O,).

In the above-described aspect of the present invention,
according to another feature, the dielectric layer contains at
least one of SiN, S10,, and Al,O;.

In the above-described aspects of the present invention,
according to another feature, the nitride semiconductor
device 1s a power transistor device.

In accordance with still another aspect of the present inven-
tion to achieve the object, there 1s provided a method of
manufacturing a nitride semiconductor device including the
steps of: forming a nitride semiconductor layer over a sub-
strate wherein the nitride semiconductor layer has a 2DEG
channel inside; forming a drain electrode 1n ohmic contact
with the nitride semiconductor layer and a source electrode in
Schottky contact with the mnitride semiconductor layer
wherein the source electrode 1s spaced apart from the drain
clectrode; forming a dielectric layer on the nitride semicon-
ductor layer between the drain electrode and the source elec-
trode and on at least a portion of the source electrode; and
forming a gate electrode on the dielectric layer to be spaced
apart from the drain electrode, wherein a portion of the gate
clectrode 1s formed on the dielectric layer over a drain-side
edge portion of the source electrode.

In accordance with another aspect of the present method,
the step of forming the nitride semiconductor layer includes
the steps of: forming a first nitride layer containing a GaN-
based material over the substrate through an epitaxial growth
process; and forming a second nitride layer contaiming a
heterogeneous GalN-based material with a wider energy band
gap than the first mitride layer through an epitaxial growth
process by using the first mitride layer as a seed layer.

In accordance with another aspect of the present invention,
in the step of forming the dielectric layer, after applying the
dielectric layer on the nitride semiconductor layer between
the drain electrode and the source electrode and on at least the
portion of the source electrode, as the first step, at least the
drain electrode 1s exposed and as the second step, in the region
of the dielectric layer formed between the drain electrode and
the source electrode, a portion in the direction of the drain
clectrode 1s vertically or obliquely stepped higher than a
portion 1n the direction of the source electrode.

Furthermore, preferably, in the step of forming the gate
clectrode, the gate electrode 1s formed on the dielectric layer,
and a field plate 1s extended from the gate electrode to be
spaced apart from the drain electrode, wherein the field plate

10

15

20

25

30

35

40

45

50

55

60

65

4

partially covers the portion 1n the direction of the drain elec-
trode which 1s stepped higher than the portion 1n the direction
ol the source electrode.

In accordance with still another aspect of the present inven-
tion to achieve the object, there 1s provided a method of
manufacturing a nitride semiconductor device including the
steps of: forming a nitride semiconductor layer over a sub-
strate wherein the nitride semiconductor layer has a 2DEG
channel inside; forming a drain electrode in ohmic contact
with the nitride semiconductor layer and a source electrode in
Schottky contact with the nitride semiconductor layer
wherein the source electrode 1s spaced apart from the drain
clectrode; forming a dielectric layer on the nitride semicon-
ductor layer between the drain electrode and the source elec-
trode and on at least a portion of the source electrode; and
forming a gate electrode having a first region formed over a
drain-side edge portion of the source electrode with the
dielectric layer interposed therebetween and a second region
disposed on the dielectric layer between the drain electrode
and the source electrode to be spaced apart from the drain
clectrode.

In accordance with another aspect of the present method, 1n
the step of forming the gate electrode, the first region and the
second region of the gate electrode are separately formed, and
the second region 1s formed as a floating gate on the dielectric
layer between the drain electrode and the source electrode.

Further, in the above-described aspects of the present
invention, according to another feature, 1n the step of forming
the nitride semiconductor layer, before forming the nitride
semiconductor layer over the substrate, the step of forming a
builer layer over the substrate 1s further included.

Although not explicitly described as preferable one aspect
of the present mnvention, embodiments of the present inven-
tion 1n accordance with possible various combinations of the

above-described technical features can be apparently imple-
mented by those skilled 1n the art.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects and advantages of the present
general mventive concept will become apparent and more
readily appreciated from the following description of the
embodiments, taken 1n conjunction with the accompanying
drawings of which:

FIG. 1 1s arough cross-sectional view of a mitride semicon-
ductor device in accordance with an embodiment of the
present invention;

FIGS. 2a to 2d are views roughly showing a method of
manufacturing the nitride semiconductor device 1 accor-
dance with FIG. 1;

FIG. 3 1s arough cross-sectional view of a mitride semicon-
ductor device 1n accordance with another embodiment of the
present invention;

FIG. 4 1s arough cross-sectional view of a nitride semicon-
ductor device 1n accordance with still another embodiment of
the present invention;

FIG. 5 1s arough cross-sectional view of a nitride semicon-
ductor device in accordance with still another embodiment of
the present invention;

FIGS. 6a to 64 show some processes of a method of manu-
facturing a nitride semiconductor device in accordance with
still another embodiment of the present invention;

FIG. 7 1s arough cross-sectional view of a mitride semicon-
ductor device in accordance with still another embodiment of
the present invention; and

FIGS. 8 and 9 show conventional HEMT structures.
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DETAILED DESCRIPTION OF TH
PREFERABLE EMBODIMENTS

(L]

Embodiments of the present invention to achieve the above
objects will be described with reference to the accompanying
drawings. In the following description, the same elements are
represented by the same reference numerals, and additional
description which 1s repeated or limits 1nterpretation of the
meaning of the mvention may be omitted.

Before the specific description, 1n this specification, when
an element 1s referred to as being “connected” or “coupled” to
another element, 1t can be “directly” connected or coupled to
the other element or connected or coupled to the other ele-
ment with another element interposed therebetween, unless it
1s referred to as being “‘directly connected” or “directly
coupled” to the other element.

Although the singular form 1s used in this specification, 1t
should be noted that the singular form can be used as the
concept representing the plural form unless being contradic-
tory to the concept of the invention or clearly interpreted
otherwise. It should be understood that the terms such as
“having”, “including”, and “comprising” used herein do not
preclude existence or addition of one or more other features or
clements or combination thereof.

Further, the drawings referred to in this specification are
1deal exemplary drawings for describing the embodiments of
the present invention, and the size and thickness of films or
layers or regions may be overdrawn for effective description
of technical contents. Further, the shape of regions illustrated
in the drawings 1s not intended to limit the scope of the
invention, but 1s to illustrate the specific form of regions of
devices.

Hereinafter, a semiconductor device and a manufacturing
method thereof 1n accordance with embodiments of the
present invention will be specifically described with refer-
ence to the accompanying drawings.

FI1G. 11s arough cross-sectional view of a nitride semicon-
ductor device in accordance with an embodiment of the
present invention.

FIGS. 2a to 2d are views roughly showing a method of
manufacturing the nitride semiconductor device 1n accor-
dance with FIG. 1.

FIG. 3 1s arough cross-sectional view of a nitride semicon-
ductor device 1n accordance with another embodiment of the
present invention.

FI1G. 4 1s arough cross-sectional view of a nitride semicon-
ductor device in accordance with still another embodiment of
the present invention.

FI1G. 51s arough cross-sectional view of a nitride semicon-
ductor device in accordance with still another embodiment of
the present invention.

FIGS. 6a to 64 show some processes of a method of manu-
facturing a nitride semiconductor device in accordance with
still another embodiment of the present invention.

FI1G. 7 1s arough cross-sectional view of a nitride semicon-
ductor device 1n accordance with still another embodiment of
the present invention.

First, a nitride semiconductor device 1n accordance with an
embodiment of the present invention will be specifically
described with reference to FIGS. 1, 3. 4, 5, or 7.

Referring to FIGS. 1, 3, 4, 5, or 7, a nitride semiconductor
device 1n accordance with an embodiment of the present
invention includes a nitride semiconductor layer 30, a drain
clectrode 50, a source electrode 60, a dielectric layer 40, and
a gate electrode 70 which are disposed over a substrate 10.

Referring to FIGS. 1, 4, 5, or 7, 1n this embodiment, the
nitride semiconductor layer 30 1s disposed over the substrate
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6

10. The substrate 10 may be a generally insulating substrate or
a high resistance substrate substantially having insulation
property.

In accordance with another embodiment of the present
invention, i FIGS. 1, 3, 4, 5, or 7, the substrate 10 may be
made of at least one of silicon (S1), silicon carbide (S1C), and
sapphire (Al,O;) or other well-known substrate materials.

The nitride semiconductor layer 30 may be directly formed
on the substrate 10. Preferably, the nitride semiconductor
layer 30 may be formed by epitaxially growing a single crys-
tal thin film. As an epitaxial growth process for forming the
nitride semiconductor layer 30, liquid phase epitaxy (LPE),

chemical vapor deposition (CVD), molecular beam epitaxy
(MBE), or metal-organic CVD (MOCVD) may be used.

Further, referring to FIG. 3, in accordance with another
embodiment of the present invention, a butier layer 20 may be
formed between the substrate 10 and the mitride semiconduc-
tor layer 30, and the mitride semiconductor layer 30 may be
formed on the buffer layer 20. The butfer layer 20 1s provided
so as to solve problems due to a lattice mismatch between the
substrate 10 and the mitride semiconductor layer 30. The
buiter layer 20 may be formed in one layer as well as a
plurality of layers containing gallium nitride (GaN), alumi-
num galllum nitride (AlGaN), alumimnum nitride (AIN),
indium gallium nitride (InGalN) or indium aluminum gallium
nitride (InAlGaN). Further, the buffer layer 20 may be made
of group III-V compound semiconductors other than GalN.
For example, when the substrate 10 1s a sapphire substrate 10,
growth of the buffer layer 20 1s important to avoid a mismatch
due to diflerences 1n lattice constant and coeflicient of ther-
mal expansion between the substrate 10 and the nitride semi-
conductor layer 30 containing GaN.

Referring to FIGS. 1, 3, 4, 5, or 7, a two-dimensional
clectron gas (2DEG) channel 35 1s formed in the nitride
semiconductor layer 30. When a bias voltage 1s applied to the
gate electrode 70 of the nitride semiconductor device, elec-
trons move through the 2DEG channel 35 in the nitride semi-
conductor layer 30 so that current flows between the drain
clectrode 50 and the source electrode 60. The nitride semi-
conductor layer 30 1s made of nitride such as GaN, AlGaN,
InGaN, or InAlGaN.

In accordance with an embodiment of the present inven-
tion, the nitride semiconductor layer 30 1s a heterojunction
(GaN-based semiconductor layer 30, and the 2DEG channel
35 1s formed 1n the vicinity of a heterojunction interface by an
energy band gap difference. The less the difference 1n lattice
constant between heterojunctions of the heterojunction GalN-
based semiconductor layer 30 is, the less the differences in
band gap and polarity are. Due to this, the formation of the
2DEG channel 35 1s suppressed. Free electrons move from a
material with a wide band gap to a material with a small band
gap by discontinuity of the energy band gap during hetero-
junction. These electrons are accumulated on the heterojunc-
tion interface to form the 2DEG channel 35 so that current
flows between the drain electrode 50 and the source electrode
60.

Retferring to FIGS. 1, 3,4, 5, or 7, the nitride semiconductor
layer 30 1includes a first nitride layer 31 and a second nitride
layer 33. The first mitride layer 31 1s disposed over the sub-
strate 10 and contains a GalN-based material. The second
nitride layer 33 is in heterojunction with and on the first
nitride layer 31 and contains a heterogeneous GaN-based
material with a wider energy band gap than the first nitride
layer 31. At this time, the second mitride layer 33 plays a role
of supplying electrons to the 2 DEG channel 35 formed in the
first nitride layer 31. For example, 1t 1s preferred that the
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second nitride layer 33, which donates electrons, 1s formed
with a thickness smaller than that of the first mitride layer 31.

Preferably, in accordance with another embodiment of the
present invention, the first nitride layer 31 contains GaN, and
the second nitride layer 33 contains one of AlGaN, InGaN,
and InAlGaN. Preferably, 1n accordance with an embodiment
of the present invention, the first nitride layer 31 contains
(GaN, and the second nitride layer 33 contains AlGalN.

Continuously, configurations of embodiments of the
present invention will be further described with reference to
FIGS.1,3,4,5, 0or 7.

Referring to FIGS. 1, 3,4, 5, or 7, the drain electrode 50 and
the source electrode 60 of the nitride semiconductor device in
accordance with this embodiment are formed on the nitride
semiconductor layer 30. The drain electrode 50 1s 1n ohmic
contact 50q with the nitride semiconductor layer 30.

The source electrode 60 1s disposed to be spaced apart from
the drain electrode 50 and 1n Schottky contact 60a with the
nitride semiconductor layer 30. Along the Schottky source
electrode 60, when driven 1n a reverse direction, a current flow
by 2DEG can be stably interrupted by a depletion region
tformed by a Schottky contact region 60a of the source elec-
trode 60. Accordingly, 1t 1s possible to interrupt a reverse
current flow and implement a normally-oif state. More spe-
cifically, when a reverse bias voltage 1s applied, the depletion
region formed by the Schottky contact region 60a of the
source electrode 60 1s expanded to the region of the 2DEG
channel 335 so that the 2DEG channel 35 1s blocked and a
reverse breakdown voltage 1s increased. Especially, when the
reverse bias voltage 1s applied, the depletion region 1s greatly
expanded 1n the Schottky contact region 60a adjacent to a
drain-side corner of the source electrode 60. Meanwhile,
when a forward bias voltage 1s applied, the depletion region
formed by the Schottky contact region 60a of the source
electrode 60 1s reduced so that current flows between the drain
clectrode 50 and the source electrode 60 through the 2DEG
channel 35.

Continuously, referring to FIGS. 1, 3,4, 5, or 7, the dielec-
tric layer 40 of the nitride semiconductor device 1n accor-
dance with an embodiment of the present invention 1s formed
on the nitride semiconductor layer 30 between the drain elec-
trode 50 and the source electrode 60 and on at least a portion
ol the source electrode 60.

Another embodiment of the present invention will be
described with reference to FIG. 4. Referrning to FIG. 4, the
region of the dielectric layer 40 disposed between the drain
clectrode 50 and the source electrode 60 has a vertical or
oblique (not shown) step portion. Along the vertical or
oblique step portion, a portion of the dielectric layer 40 in the
direction of the drain electrode 50 1s formed higher than a
portion of the dielectric layer 40 1n the direction of the source
clectrode 60.

Preferably, in accordance with another embodiment of the
present invention, 1n FIGS. 1, 3, 4, 5, or 7, the dielectric layer
40 may be an oxide layer, and 1n accordance with an embodi-
ment, the dielectric layer 40 may contain at least one of SiN,
S10,, and Al,Os;.

Continuously, referring to FIGS. 1, 3, 4, 5, or 7, the gate
clectrode 70 of the mitride semiconductor device 1n accor-
dance with this embodiment 1s disposed on the dielectric
layer 40 to be spaced apart from the drain electrode 50.
Furthermore, referring to FI1GS. 1, 3,4,5, or 7, aportion of the
gate electrode 70 1s formed over a drain-side edge portion of
the source electrode 60 with the dielectric layer 40 interposed
therebetween. Preferably, the gate electrode 70 1s 1n Schottky
contact 70aq with the dielectric layer 40. When a forward bias
voltage 1s applied to the gate electrode 70, the depletion
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region formed in the Schottky contact region 60a adjacent to
the drain-side corner of the source electrode 60 1s reduced so
that current flows between the drain electrode 50 and the
source electrode 60 through the 2DEG channel 35.

Referring to FIGS. 1, 3, 4, or 5, the gate structure 1s formed
over the edge portion of the source electrode 60 and on the
dielectric layer 40 between the drain electrode 50 and the
source electrode 60 to distribute an electric field. Accord-
ingly, the gate structure itself performs a role of a field plate
for increasing a withstand voltage.

Another embodiment of the present invention will be
described with reference to FIG. 5. Referring to FIG. 3, the
gate electrode 70 of the mitride semiconductor device includes
an extended field plate 75. The field plate 75 extended from
the gate electrode 70 1s spaced apart from the drain electrode
50. Further, the extended field plate 75, as shown 1n FIG. 4, 1s
formed to partially cover the portion of the dielectric layer 40
in the direction of the drain electrode 50, which 1s formed high
along the vertical or oblique (not shown) step portion of the
region of the dielectric layer 40 disposed between the drain
clectrode 50 and the source electrode 40. The extended field
plate 75 provides an effect of distributing an electric field
concentrated 1n a drain-side corner portion of the Schottky-
contacted gate electrode 70.

Further, another embodiment of the present invention will
be described with reference to FIGS. 1 or/and 7.

Retferring to FIGS. 1 or/and 7, a nitride semiconductor
device 1 accordance with an embodiment of the present
invention includes a nitride semiconductor layer 30, a drain
clectrode 50, a source electrode 60, a dielectric layer 40, and
a gate electrode 70 which are disposed over a substrate 10.
The nitride semiconductor layer 30, the drain electrode 50,
the source electrode 60, and the dielectric layer 40 will refer
to the above description.

In this embodiment, the gate electrode 70 includes a first
region 71 and 71' and a second region 73 and 73'. The first
region 71 and 71' 1s formed over a drain-side edge portion of
the source electrode 60 with the dielectric layer 40 interposed
therebetween. The second region 73 and 73' 1s disposed on the
dielectric layer 40 between the drain electrode 50 and the
source electrode 60 to be spaced apart from the drain elec-
trode 50. The first region and the second region may be
integrally formed as shown in FIG. 1 or may be separately
formed as shown 1n FIG. 7.

When describing another embodiment of the present
invention with reference to FI1G. 7, the first region 71' and the
second region 73' of the gate electrode 70 are separately
formed. At this time, the second region 73' forms a floating
gate. Since the second region 73' performs a role of a tloating
gate, an electric field 1s distributed by the second region 73",
Preferably, the second region 73' 1s disposed close to the
source electrode 60.

Although not shown 1n FIG. 7, in accordance with another
embodiment of the present invention, as shown 1n FIG. 3, a
butifer layer 20 may be formed between the substrate 10 and
the nitride semiconductor layer 30, and the nitride semicon-
ductor layer 30 may be formed on the bulfer layer 20.

In accordance with an embodiment of the present invention
according to FIGS. 1, 3, 4, 5, or 7, when a voltage of O(V) 1s
applied to the gate electrode 70, a current flow between the
drain electrode 50 and the source electrode 60 through a
2DEG channel 35 1s interrupted by a Schottky barrier in the
region of the source electrode 60. And when a voltage higher
than a threshold voltage 1s applied to the gate electrode 70,
carrier (electron) concentration 1s increased 1n the drain-side
edge region of the source electrode 60 so that current tlows by
a tunneling phenomenon. At this time, the threshold voltage
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ol the gate 1s determined by a thickness of the dielectric layer
40. Accordingly, the mitride semiconductor device 1n accor-
dance with the present invention 1s easily manufactured and
has low leakage current and high withstand voltage charac-
teristics, compared to a conventional normally-off (IN-oif)
HEMT structure.

The nitride semiconductor device 1n accordance with the
above-described embodiments 1s a power transistor device.
The power transistor device 1n accordance with an embodi-
ment of the present mvention has a horizontal HEMT struc-
ture.

Next, a method of manufacturing a nitride semiconductor
device 1n accordance with another aspect of the present inven-
tion will be described with reference to the drawings. The
nitride semiconductor device described 1n the above embodi-
ments and FIGS. 1, 3.4, 5, and 7 as well as FIGS. 2a to 2d and
6a to 6d will be referred to 1n describing the method of
manufacturing a nitride semiconductor device in accordance
with the present invention.

FIGS. 2a to 2d show a method of manufacturing a nitride
semiconductor device in accordance with one aspect of the
present invention.

Preferably, in accordance with an embodiment, a device
manufactured by a method of manufacturing a nitride semi-
conductor device of the present invention 1s a power transis-
tor.

First, referring to FIG. 2a, a nitride semiconductor layer
30, which has a 2DEG channel 35 1nside, 1s formed over a
substrate 10. Preferably, the substrate 10 may be made of at
least one of S1, S1C, and Al,O,. The nitride semiconductor
layer 30 1s made of nitride such as GaN, AlGaN, InGaN, or
InAlGaN.

Preferably, the nitride semiconductor layer 30 may be
tformed by epitaxially growing a nitride single crystal thin
film. Preferably, the nitride semiconductor layer 30 1s selec-
tively grown during the epitaxial growth so as not to be
overgrown. If the nitride semiconductor layer 30 1s over-
grown, 1t may be additionally planarized by an etch-back
process or a chemical mechanical polishing (CMP) process.

In accordance with another embodiment of a method of
manufacturing a nitride semiconductor device of the present
invention, a first nitride layer 31 and a second nitride layer 33
shown 1n FIG. 2a are formed by an epitaxial growth process.
First, the first nitride layer 31 1s formed by epitaxially grow-
ing a GalN-based single crystal thin {ilm on the substrate 10.
Preferably, 1n accordance with another embodiment of the
present invention, the first nitride layer 31 1s formed by epi-
taxially growing GalN. Next, the second mitride layer 33 1s
formed by epitaxially growing a nitride layer containing a
heterogeneous GalN-based material with a wider energy band
gap than the first nitride layer 31 by using the first nitride layer
31 as a seed layer. Preferably, in accordance with another
embodiment of the present invention, the second nitride layer
33 1s formed by epitaxially growing GaN-based single crystal
containing one of AlGaN, InGaN, and InAlGaN. Preferably,
the second nitride layer 33 1s formed by epitaxially growing
AlGaN. For example, 1t 1s preferred that the second nitride
layer 33, which donates electrons, 1s formed with a thickness
smaller than that of the first nitride layer 31.

The first and second nitride layers 31 and 33 may be formed
by an epitaxial growth process such as liquid phase epitaxy
(LPE), chemical vapor deposition (CVD), molecular beam
epixaxy (MBE), or metal-organic CVD (MOCVD).

Next, referring to FI1G. 25, a drain electrode 50 and a source
clectrode 60 are formed on the nitride semiconductor layer
30. In FIG. 25, the drain electrode 50 1s formed to be in ohmic

contact 30a with the nitride semiconductor layer 30. Heat-
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treatment can be performed to complete ohmic contact. The
drain metal electrode 50 1s formed on the nitride semiconduc-
tor layer 30 by using at least one metal of gold (Au), nickel
(N1), platinum (Pt), titanium (11), aluminum (Al), palladium
(Pd), indium (Ir), rhodium (Rh), cobalt (Co), tungsten (W),
molybdenum (Mo), tantalum (Ta), copper (Cu), and zinc
(Zn), metal silicide, and alloys thereof. The drain electrode 50
may be formed 1n a multilayer structure.

The source electrode 60 1s formed to be 1n Schottky contact
60a with the nitride semiconductor layer 30 while being
spaced apart from the drain electrode 50. The Schottky-con-
tacted source metal electrode 60 1s formed by using a mate-
rial, which can be 1n Schottky contact with the nitride semi-
conductor layer 30, for example, at least one metal of Al, Mo,
Au, N1, Pt, 11, Pd, Ir, Rh, Co, W, Ta, Cu, and Zn, metal silicide,
and alloys thereof. The source electrode 60 may be formed 1n
a multilayer structure. It 1s possible to mterrupt reverse cur-
rent between the drain electrode 50 and the source electrode
60 through the 2DEG channel 35 by using the Schottky con-
tact 60a having semiconductor contact with metal 1n the
source electrode 60.

When describing a process of forming the drain electrode
50 and the source electrode 60 1n accordance with an embodi-
ment of the present mvention, a metal layer for forming an
clectrode 1s formed by an electron beam evaporator on the
nitride semiconductor layer 30, which 1s epitaxially grown on
the substrate 10, and a photoresist pattern 1s formed on the
metal layer. The metal electrodes 50 and 60 are formed by
ctching the metal layer using the photoresist pattern as an
ctching mask and removing the photoresist pattern.

Referring to FIG. 2¢, in an embodiment of the present
invention, aiter forming the drain electrode 50 and the source
clectrode 60, a dielectric layer 40 1s formed on the nitride
semiconductor layer 30 between the drain electrode 50 and
the source electrode 60. At this time, the dielectric layer 40 1s
formed on at least a portion of the source electrode 60, pret-
erably, on a portion of the source electrode 60 1n the direction
of the drain electrode 50. Preferably, the dielectric layer 40
may be an oxide layer or may include at least one of SiN,
S10,, and Al,O, 1n accordance with an embodiment.

A process of forming the dielectric layer 40 1n accordance
with another embodiment of the present mvention will be
described with reference to FIGS. 6a to 6¢. Reterring to FIG.
6a, the diclectric layer 40 1s applied to or coated on the nitride
semiconductor layer 30, the drain electrode 50, and the source
clectrode 60. Pretferably, the dielectric layer 40 1s applied to or
coated on the nitride semiconductor layer 30 between the
drain electrode 50 and the source electrode 60 and on at least
a portion of the source electrode 60.

Next, referring to FIG. 6b, after applying the dielectric
layer 40, as the first step, at least the drain electrode 50 1s
exposed. For example, the drain electrode 50 1s exposed by
etching or polishing.

And, referring to FIG. 6¢, as the second step, a vertical or
oblique (not shown) step portion 1s formed 1n the region of the
dielectric layer 40 between the drain electrode 50 and the
source electrode 60 by forming a portion in the direction of
the drain electrode 50 higher than a portlon in the direction of
the source electrode 60. The step portion 1s formed by addi-
tionally depositing the dielectric layer 40 in the portion in the
direction of the drain electrode 50 or partially etching the
portion of the dielectric layer 40 1n the direction of the source
clectrode 60.

Referring to FIG. 24, 1n an embodiment of the present
invention, aiter forming the dielectric layer 40 in accordance
with FIG. 2¢, a gate electrode 70 1s formed on the dielectric
layer 40 to be spaced apart from the drain electrode 50. At this
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time, referring to FIG. 2d, a portion of the gate electrode 70 1s
tormed on the dielectric layer 40 over a drain-side edge por-

tion of the source electrode 60. The gate electrode 70 may be

made of at least one metal of Al, Mo, Au, N1, Pt, T1, Pd, Ir, Rh,
Co, W, Ta, Cu, and Zn, metal silicide, and alloys thereof. The

* it il

gate electrode 70 may use a metal different from those of the
drain electrode 50 or/and the source electrode 60 and may be
formed 1n a multilayer structure. Preferably, the gate elec-
trode 70 1s 1n Schottky contact 70a with the dielectric layer
40.

When describing a process of forming the gate electrode 70
in accordance with an embodiment of the present invention, a
metal layer for forming an electrode 1s formed on the dielec-
tric layer 40 by an electron beam evaporator, and a photoresist
pattern 1s formed on the metal layer so that a portion of the
gate electrode 70 1s formed on the dielectric layer 40 on the
drain-side edge portion of the source electrode 60. And the
metal layer i1s etched by using the photoresist pattern as an
ctching mask. The metal electrode 1s formed by removing the
photoresist pattern after etching.

Further, 1n the method of manufacturing a nitride semicon-
ductor device 1n accordance with another embodiment of the
present mnvention, a process of forming the gate electrode 70
on the dielectric layer 40 will be described with reference to
FIG. 6d. Referring to FI1G. 64, a field plate 73 extends from the
gate electrode 70 to be spaced apart from the drain electrode
50. At this time, the field plate 75 1s formed to partially cover
the portion of the dielectric layer 40 1n the direction of the
drain electrode 50, which 1s stepped higher than the portion of
the dielectric layer 40 1n the direction of the source electrode
60. For example, the ficld plate 75 may be integrally formed
with the gate electrode 70 during the formation of the gate
clectrode 70 or may be formed by forming the same or dii-
terent metal layer from the gate electrode 70 after forming the
gate electrode 70, forming a photoresist pattern, and perform-
ing an etching process. The field plate 75 provides an effect of
distributing an electric field concentrated 1n a drain-side cor-
ner portion of the Schottky-contacted gate electrode 70.

Further, when describing another embodiment of the
present invention with reference to FIGS. 24 and 7, the gate
clectrode 70 1ncludes a first region 71 and 71' and a second
region 73 and 73'. The first region 71 and 71' of the gate
clectrode 70 1s formed over the drain-side edge portion of the
source electrode 60 with the dielectric layer 40 interposed
therebetween, and the second region 73 and 73' of the gate
clectrode 70 1s formed on the dielectric layer 40 between the
drain electrode 50 and the source electrode 60 to be spaced
apart from the drain electrode 50. The first region and the
second region may be integrally formed as shown in FI1G. 2d
or may be separately formed as shown 1n FIG. 7.

When describing another embodiment of the present
invention with reference to FIG. 7, 1n the step of forming the
gate electrode 70, the firstregion 71' and the second region 73"
ol the gate electrode 70 are separately formed, and the second
region 73' 1s formed as a floating gate on the dielectric layer
40 between the drain electrode 50 and the source electrode 60.

In accordance with another embodiment of a method of
manufacturing a nitride semiconductor device of the present
invention, referring to FIG. 3, before forming the nitride
semiconductor layer 30 over the substrate 10 shown 1n FIG.
2a, the step of forming a buil

er layer 20 over the substrate 10
1s further included. The builer layer 20 1s provided to solve

problems due to a lattice mismatch between the substrate 10
and the nitride semiconductor layer 30. The buil

er layer 20
may be formed 1n one layer or a plurality of layers containing,
(GaN, AlGaN, AIN, InGaN, or InAlGaN.
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In accordance with one aspect of the present invention, 1t 1s
possible to obtain a semiconductor device capable of nor-
mally-off (N-oil) or enhancement-mode operation by form-
ing a Schottky electrode 1n a source region of a semiconductor
device, for example, an FET and forming a gate electrode 1n
a portion of a source electrode region and 1n a portion of a
nitride semiconductor region.

A semiconductor device and a manufacturing method
thereol 1n accordance with an embodiment of the present
invention can perform high withstand voltage operation com-
pared to a conventional GaN normally-off device and facili-
tate manufacture of the device by simple manufacturing pro-
cesses. That 1s, since diflicult processes such as 1on
implantation and etching of an AlGaN layer with a thickness
of 200 to 300 A of the conventional normally-off HEMT are
not required, the manufacture of the device 1s facilitated.

Further, 1n accordance with an embodiment of the present
invention, 1t 1s possible to achieve low leakage current and
high withstand voltage compared to the conventional nor-
mally-off HEMT by a structure in which leakage current 1s
prevented by a Schottky barrier of a source electrode.

Furthermore, 1n accordance with an embodiment of the
present invention, a gate structure can perform a role of a field
plate for increasing a withstand voltage at the same time by
being formed on an edge portion of the source electrode and
on a dielectric layer between a drain electrode and the source
clectrode to distribute an electric field.

Further, 1t 1s possible to increase transconductance by
reducing a distance between the source electrode and the gate
clectrode.

It will be apparent that various effects, which are not
directly stated in accordance with various embodiments of the
present invention, can be derived from various configurations
in accordance with embodiments of the present invention by
those skilled in the art.

The above-described embodiments and the accompanying,
drawings are provided as examples to help understanding of
those skilled 1n the art, not limiting the scope of the present
invention. Therefore, the various embodiments of the present
invention may be embodied 1n different forms in a range
without departing from the essential concept of the present
invention, and the scope of the present invention should be
interpreted from the invention defined 1n the claims. It 1s to be
understood that the present invention includes various modi-
fications, substitutions, and equivalents by those skilled 1n the
art.

What 1s claimed 1s:

1. A nitride semiconductor device comprising:

a mitride semiconductor layer over a substrate wherein the
nitride semiconductor has a two-dimensional electron
gas (2DEQG) channel 1nside;

a drain electrode 1n ohmic contact with the nitride semi-
conductor layer;

a source electrode 1 Schottky contact with the nitride
semiconductor layer wherein the source electrode 1s
spaced apart from the drain electrode;

a dielectric layer formed on the nitride semiconductor layer
between the drain electrode and the source electrode and
on at least a portion of the source electrode; and

a gate electrode disposed on the dielectric layer to be
spaced apart from the drain electrode, wherein a portion
of the gate electrode 1s formed over a drain-side edge
portion of the source electrode with the dielectric layer
interposed therebetween.

2. The nitride semiconductor device according to claim 1,

wherein the nitride semiconductor layer comprises:
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a first mitride layer over the substrate wherein the first
nitride layer contains a gallium nitride (GaN)-based
material; and

a second nitride layer 1n heterojunction with and on the first
nitride layer wherein the second nitride layer contains a
heterogeneous GaN-based material with a wider energy
band gap than the first nitride layer.

3. The nmitride semiconductor device according to claim 2,

wherein the first mitride layer contains GalN, and the second
nitride layer contains one of aluminum gallium nitride (Al-

(GalN), indium gallium nitride (InGaN), and indium aluminum
gallium nitride (InAlGalN).

4. The nitride semiconductor device according to claim 1,
wherein the region of the dielectric layer disposed between
the drain electrode and the source electrode comprises a ver-
tical or oblique step portion, wherein a portion 1n the direction
of the drain electrode 1s formed higher than a portion in the
direction of the source electrode.

5. The nitride semiconductor device according to claim 4,
wherein the gate electrode comprises an extended field plate,
wherein the field plate 1s spaced apart from the drain electrode
and partially covers the portion of the dielectric layer 1n the
direction of the drain electrode, which 1s formed higher.

6. The nitride semiconductor device according to claim 1,
turther comprising:

a buller layer formed between the substrate and the nitride

semiconductor layer.

7. The nitride semiconductor device according to claim 1,
wherein the substrate 1s made of at least one of silicon (S1),
silicon carbide (S1C), and sapphire (Al,O,).

8. The nitride semiconductor device according to claim 1,
wherein the dielectric layer contains at least one of SiN, 510,
and Al,O,.

9. The nitride semiconductor device according to claim 1,
wherein the nitride semiconductor device 1s a power transis-
tor device.
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10. A nitride semiconductor device comprising;:

a mitride semiconductor layer over a substrate wherein the
nitride semiconductor has a 2DEG channel inside;

a drain electrode 1n ohmic contact with the nitride semi-
conductor layer;

a source electrode 1n Schottky contact with the nitride
semiconductor layer wherein the source electrode 1s
spaced apart from the drain electrode;

a dielectric layer formed on the nitride semiconductor layer
between the drain electrode and the source electrode and
on at least a portion of the source electrode; and

a gate electrode having a first region formed over a drain-
side edge portion of the source electrode with the dielec-
tric layer interposed therebetween and a second region
disposed on the dielectric layer between the drain elec-
trode and the source electrode to be spaced apart from
the drain electrode.

11. The nitride semiconductor device according to claim

10, wherein the nitride semiconductor layer comprises:

a first nitride layer over the substrate wherein the first
nitride layer contains a GaN-based material; and

a second nitride layer 1n heterojunction with and on the first
nitride layer wherein the second nitride layer contains a
heterogeneous GalN-based material with a wider energy
band gap than the first nitride layer.

12. The nitride semiconductor device according to claim
10, wherein the first region and the second region of the gate
clectrode are separately formed, and the second region forms
a floating gate.

13. The nitride semiconductor device according to claim
10, further comprising:

a buffer layer formed between the substrate and the mitride

semiconductor layer.
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